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Abstract.  Assembly proteins were extracted from bo- 
vine brain clathrin-coated vesicles with 0.5 M  Tris and 
purified by clathrin-Sepharose  affinity chromatography, 
then adsorbed to mica and examined by freeze-etch 
electron microscopy. The fraction possessing maximal 
ability to promote clathrin  polymerization,  termed 
AP-2,  was found to be a tripartite  structure composed 
of a  relatively  large central  mass flanked  by two smaller 
mirror-symmetric  appendages.  Elastase treatment 
quantitatively removed the appendages and clipped 35 
kD from the molecule's major ~105-kD polypeptides, 
indicating that the appendages are made from portions 
of these polypeptides. The remaining  central  masses 
no longer promote clathrin  polymerization,  suggesting 
that the appendages are somehow involved in the 
clathrin  assembly reaction.  The central  masses are 
themselves relatively compact and brick-shaped,  and 
are sufficiently large to contain two copies of the mol- 
ecule's other major polypeptides (16- and 50-kD), as 
well as two copies of the ~70-kD protease-resistant 
portions of the major ~105-kD polypeptides. Thus the 
native molecule seems to be a dimeric, bilaterally 
symmetrical entity.  Direct visualization of AP-2 bind- 
ing to clathrin  was accomplished by preparing  mix- 
tures of the two molecules in buffers that marginally 
inhibit AP-2 aggregation and cage assembly. This re- 
vealed numerous examples of AP-2 molecules binding 
to the so-called terminal domains of clathrin triskel- 
ions,  consistent with earlier electron microscopic evi- 
dence that in fully assembled cages, the AP's attach 
centrally to inwardly-directed terminal domains of the 
clathrin  molecule.  This would place AP-2s between 
the clathrin  coat and the enclosed membrane in whole 
coated vesicles. AP-2s linked to the membrane were 
also visualized by enzymatically removing the clathrin 
from brain coated vesicles, using purified 70 kD, un- 
coating ATPase plus ATP.  This revealed several brick- 
shaped molecules attached to the vesicle membrane by 
short stalks.  The exact stoichiometry of APs to 
clathrin  in such vesicles, before and after uncoating, 
remains to be determined. 
T 
HE role played by clathrin polymerization in the events 
of receptor clustering and membrane vesiculation dur- 
ing endocytosis is a subject of broad current interest 
(4,  20,  21). Certain  of  the  polypeptides  released  from 
clathrin  coated vesicles by 0.5 M Tris have been shown to 
promote clathrin polymerization in vitro (13, 22, 33). These 
so-called assembly polypeptides are of interest because they 
may modulate in vivo coat assembly and clathrin-receptor 
interactions.  We have purified and characterized  that fraction 
of assembly proteins  that binds to clathrin  affinity columns 
and displays maximal assembly activity (10); this fraction we 
term  AP-21. It has  hydrodynamic  properties  suggesting  a 
~340-kD species composed of two copies of the three major 
polypeptides (16-,  50-,  and ,~105-kD)  seen on SDS gels. 
l. Abbreviation  used in thispaper: AP, assembly polypeptides. AP-2 is used 
to distinguish this fraction from an AP-I fraction, which does not bind to 
affinity columns, and from a newly described APtso fraction, which comi- 
grates with clathrin in SDS-PAGE (8). 
Such a complex may thus be bivalent and may promote as- 
sembly by bridging  adjacent clathrin  triskelia  during  cage 
formation (10). Additional studies have identified two differ- 
ent functional domains within the AP-2 complex, one asso- 
ciated with the clathrin  assembly function  (34) and another 
with phosphorylation of its 50-kD components (11, 12, 19). 
Here we determine the overall morphology of AP-2 and 
demonstrate that it also displays two physical domains:  one, 
a  central  brick-like  structure  and  the  second,  a  pair  of 
elastase-sensitive  appendages.  Correlation of these morpho- 
logical observations with earlier biochemical and sedimenta- 
tion  studies  (12,  34)  leads us to conclude that  the 50-kD 
phosphorylation reaction must occur exclusively within the 
brick-like core of the molecule whereas the assembly func- 
tion includes  both the core and the appendages.  The latter, 
being  paired,  could well be involved  in  bivalent  clathrin 
crosslinking  (10). We also find that AP-2s bind to the termi- 
nal domains of isolated clathrin  triskelia,  confirming  previ- 
ous  indications  of this  relationship  from  views  of whole 
clathrin  cages containing  APs (9, 30). Finally, we show that 
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ATPase (18, 25) continue to display several surface projec- 
tions that look like AP-2 molecules. 
Materials and Methods 
Coated vesicles were prepared from calf brains by sucrose gradient centrifu- 
gation, and clathrin and APs were stripped from them with 0.5 M Tris, pH 
7, as described (10,  13).  After fractionation via ammonium sulfate precip- 
itation and chromatography on Superose 6B, APs were purified by clathrin- 
Sepharose chromatography as described (10).  For comparison, Sepharose 
6B fractions of APs were occasionally purified instead by hydroxylapeptite 
column chromatography as described by others (22,  24). 
Elastase treatment of AP's in 0.5 M Tris-HCI was performed as described 
(34) using a 1:200 (wt/wt) ratio of elastase to AP and incubating for 30 min 
at 20°C,  followed by addition of PMSF  (to  1 mM) to stop the reaction. 
Elastase treatment of AP-containing clathrin coats was accomplished simi- 
larly except that a  1:1,000 ratio was employed.  In both cases, the inhibitor- 
treated reaction mixtures were analyzed by SDS-PAGE  immediately after 
incubation and after an additional 24 h on ice, corresponding to the delivery 
time from one laboratory to the other. These data confirmed that elastase 
treatment quantitatively cleaved  the  ,',,105-kD  assembly  polypeptides  to 
yield the smaller fragments previously reported (34), but that the 50- and 
16-kD assembly polypeptides were not degraded even after 24 h. Clathrin 
was obtained during the Superose 6B chromatography and mixed with an 
equal amount (by weight) of AP-2  in 0.5 M  Tris,  then dialyzed overnight 
against 0.1 M sodium 2-(N-morpholino)ethane sulfonic acid (MES),  1 mM 
EGTA, 0.5 mM magnesium chloride, 0.02 % sodium azide, pH 6.5, to obtain 
clathrin-AP copolymerized cages (cf. references  10, 33).  SDS-PAGE was 
performed as described previously (11). Protein concentrations were deter- 
mined either by Coomassie Blue dye binding (3) or by absorbance at 280 
nm (10). 
Samples were sent from one laboratory to the other by overnight express 
mail at 4°C  and prepared for electron microscopy within 24 h. The tech- 
niques used to mount proteins on finely ground flakes of mica, to freeze-dry 
them, and to replicate them with platinum in preparation for electron mi- 
croscopy, have all been detailed elsewhere (7-9).  Adaptations of the tech- 
niques to the present samples will be described in Results. All micrographs 
were taken at ~70,000 initial magnification. Molecular measurements were 
made with a stereo map reader (model APT-I; Wild Heerbrugg Instruments, 
Inc.,  Farmingdale,  NY)  interfaced  with  a  digitizing  calculator  (model 
MOP-3; Carl Zeiss, Inc., Thornwood, NY) as described previously (7, 9). 
Results 
Deep-Etch Visualization of  AP-2 
We initially failed to visualize AP-2 with the freeze-dry-mica 
flake  technique as previously  employed  (7).  The buffer  in 
which AP-2 was eluted from the affinity column (0.5 M Tris) 
left an intolerable residue on mica after  freeze-drying,  and 
when Tris concentration was reduced to a level compatible 
with deep-etching (75-100 mM), AP-2 aggregated (cf. refer- 
ence 2). Successful views of isolated AP-2 preparations were 
obtained by modifying the mica technique in an important re- 
spect. Instead of trying to achieve an ionic environment satis- 
factory for deep-etching first,  before absorption of the pro- 
tein to mica, we instead absorbed AP-2 to mica in a solution 
in which it was stable (i.e., 0.25 M Tris,  pH 7.0,  plus  10% 
glycerol), and then washed the mica with a solution suitable 
for deep-etching (i.e., 70 mM KC1 plus 30 mM Hepes buffer, 
pH 7.0; see references 7-9 for details). Replicas of molecules 
prepared  in  this  manner  display  relatively  squared-off  or 
brick-like masses, many of which possess one or two smaller 
flanking structures (Fig.  1).  Not all molecules display such 
appendages,  however,  probably because  the molecules  ad- 
sorb  to mica  randomly  relative  to the orientation of their 
flanking  structures.  Among  those  displaying  two  append- 
ages, the bilaterally symmetrical molecules selected for the 
gallery  in Fig.  2  are representative.  These are arranged to 
show that the two appendages can sometimes be found on op- 
Figure 1. Survey view of affinity-purified AP-2 molecules suspended in 0.25 M  Tris buffer, pH 7.0, and  10% glycerol during a 30-s exposure 
to freshly ground mica flakes.  After adsorption,  the mica flakes were washed in 70 mM KC1 and 30 mM Hepes buffer, pH 7.0, to remove 
the glycerol before quick-freezing and freeze-drying.  Three particularly well-spread molecules are circled.  Other examples of the relatively 
large,  10  x  12-nm  "brick-like"  entities  that typify  such  fields  are demonstrated  in Fig.  2.  Bar,  100  nm. 
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molecules  from several different af- 
finity column runs,  prepared  essen- 
tiaUy as  in  Fig.  I.  These were  all 
selected because they display two rel- 
atively symmetric small appendages 
or ears on either side of a relatively 
squared-off central  mass.  They  are 
arranged with the widest spans in the 
left columns and the narrowest spans 
in the right columns, with intermedi- 
ates in between.  Other molecules in 
these preparations  display only one 
or no appendages. These are presum- 
ably ones that adsorb to mica in dif- 
ferent orientations. Note that most of 
the molecules display bilateral sym- 
metry,  in that  both  appendages  are 
displaced  from  the  central  "brick- 
like" portion of  the molecule by rough- 
ly the same degree and the same an- 
gle.  This  fact,  combined  with  the 
biochemical  data  reviewed  in  the 
text, suggests that the observed mole- 
cule is a dimer. Window width and 
height,  75 nm. 
posite sides of the molecule, roughly  180 °  apart, while at 
other times they appear to cluster together on the same side 
of the molecule. The latter views give the impression of one 
larger appendage, probably explaining earlier electron mi- 
croscopic images which  suggested that the AP-2 molecule 
possesses only one appendage (31). Regardless of this varia- 
tion  in  angular  separation,  the  two appendages  seen here 
usually appear to be symmetrically placed relative to the cen- 
tral mass. Furthermore, even though they often appear to be 
separated from the central mass by 6 nm, their satellite distri- 
bution  suggests that a  thin  connection to the central brick 
does exist.  The concentration of other small entities in the 
vicinity of these larger complexes is too low to suggest ran- 
dom colocalization of the large and small components. 
Elastase Treatment of Purified AP Complexes 
Insight into the composition of the two appendages on AP-2 
was derived from experiments involving controlled elastase 
proteolysis  which,  as  shown  elsewhere  (34),  cleaves  the 
'~105-kD polypeptides of AP-2 into '~70-kD fragments plus 
smaller peptides.  In this reaction,  the smaller peptides are 
released into the medium but the larger species remain as- 
sociated with the 50- and 16-kD polypeptide components in 
the remaining AP-2 complex. The latter are not cleaved (34). 
Examining  such  clipped  complexes  after  adsorption  to 
mica, the appendages are found to be quantitatively removed 
(Fig. 3). What remains are clean "bricks" of the same dimen- 
sion as the central masses seen in intact molecules (10  × 
12 nm).  Only  rarely  does a  hint  of an  extension  remain. 
However,  no  isolated  appendages  are  found,  possibly be- 
cause they are further degraded. We conclude that in the in- 
tact  molecule,  the  '~105-kD  polypeptides  not  only  form 
much of the brick-like central core of the molecule but also 
extend out to form the appendages, and that connections to the 
latter extensions are especially sensitive to proteolysis. The 
16- and 50-kD polypeptides, on the other hand, would seem 
to be packed into the brick-like central mass along with the 
protease-resistant ~,,70-kD portions of the original ~,105-kD 
polypeptides. The size of this part of the molecule is large 
enough to accommodate two copies of each of these polypep- 
tides, which would [otal ~280 kD. This can be seen by com- 
paring  several calibration  molecules  of roughly  the  same 
size,  in Fig.  3 a  (right columns). 
Structural Comparison of  AP-2s 
with Other's HA-H APs 
Hydroxylapatite chromatography of partially purified APs 
yields a  fraction, termed HA-II, that looks on SDS-PAGE 
gels and behaves in clathrin assembly experiments like AP-2 
(22, 24). Indeed, we find this particular fraction is retained 
by clathrin affinity columns exactly like AP-2 (10).  Prepara- 
tion of this material for electron microscopy by the proce- 
dures used above also yields images of molecules that look 
identical to AP-2s,  in that they are  l0  x  12-nm brick-like 
entities with two bilaterally disposed appendages (data not 
shown).  We conclude that these two fractions are probably 
identical. 
AP-2 in Coat Structures 
To probe the organization of AP-2 in coat structures, and to 
further confirm that these brick-like structures were indeed 
AP-2, we took advantage of a phenomenon described earlier 
(9), namely, that clathrin baskets "melt," or fall apart, when 
they absorb to mica flakes that have been strongly cationized 
by pretreatment with polylysine (presumably due to the high 
local concentration of protonated amino groups;  cf.  refer- 
ence 13).  In this case, we prepared baskets containing AP-2 
by codialyzing a  mixture of equivalent amounts of clathrin 
triskelions and AP-2s, from 0.5 M  Tris, pH 7.0, into 0.1  M 
MES, pH 6.5 (see Materials and Methods). As noted earlier 
Heuser and Keen Deep-Etching of Clathrin Assembly Proteins  879 Figure 3. Left three columns display several examples of the same AP-2 preparation as in Fig. 2, but subjected to brief elastase digestion 
before adsorption to mica. Note that both appendages are removed by such treatment. This "clipped" AP is no longer capable of promoting 
clathrin assembly. For size comparisons,  b illustrates 13-glucuronidase (280 kD), c illustrates aspartate transcarbamylase  (307 kD), and 
d illustrates leucine aminopeptidase (255 kD), all prepared the same way and printed at the same magnification. Window width and height 
in left three columns,  75 nm. 
(9),  APs  are  not  visible  on  the  outside  surfaces  of such 
baskets, and cannot be seen down inside them due to techni- 
cal  limitations  of metal  replication.  However,  when  such 
copolymers  are  adsorbed  to  polylysine-pretreated  mica 
flakes, they melt like pure clathrin baskets, creating clusters 
of component parts (Figs. 4 and 5). Two components can be 
recognized:  clathrin  triskelions,  which  differ from earlier 
views (14,  28) because they have assumed their flattened, 
backward orientation characteristic of high-affinity absorp- 
tion to mica (9,  16), and large brick-like molecules identical 
to those observed in purified AP-2 preparations (Fig. 2). The 
brick-like molecules again measure 12  ×  10 nm on a  side 
and display one or two 4-6-nm satellite appendages.  Such 
molecules are never seen when pure clathrin cages are melted 
on  mica (9).  Moreover,  when  AP-2-containing  cages are 
treated with elastase under conditions that cleave the ,o105- 
kD polypeptide into ,070-kD fragments, and the cages are 
then adsorbed to polylysine-treated mica, the brick-like pro- 
teins they release are now devoid of appendages (Fig. 6), just 
like the species that resulted from elastase-treatment of pure 
AP-2s (Fig. 3).  Thus, we conclude that the released brick- 
like structures are most likely AP-2 molecules that had been 
incorporated into these cages. The number of such molecules 
in individual melted "heaps" of clathrin ranged from 15 to 30 
(n  =  18).  Since the  size of our clathrin  plus  AP-2  cages 
centers at ,060 nm diam, they should contain an average of 
36 triskelions  (cf.  references 5,  9,  21).  Assuming that only 
a  few bricks are  lost  to  the  medium during  melting,  this 
would suggest that in coassembled cages AP-2 molecules are 
roughly half as abundant as triskelions. 
Direct Visualization of  AP-2-Clathrin Interactions 
Examination of cages reassembled from purified clathrin, ei- 
ther by direct inspection of deep-etched samples (9) or by im- 
age reconstruction of samples embedded in vitreous ice (29), 
suggests that within the outer polyhedral basket there is an 
enclosed  shell  of material  composed of inwardly-directed 
"terminal domains" of clathrin triskelions (cf.  reference  15 
for definition of terminal domains). In cages assembled from 
clathrin plus AP-2, additional material is present within this 
shell  of terminal  domains.  By  deep-etch  electron micros- 
copy, this additional  material appears to fill  the cages (9), 
while in frozen-hydrated material it appears to form another 
hollow shell inside the terminal domains (30). Earlier nega- 
tively stained images suggested, on the other hand, that APs 
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rin-AP cages adsortmd to poly- 
lysine-pretreated mica and fur- 
ther dissociated  by rinsing the 
mica in  0.1  M  Tris,  pH  8.0. 
This totally dissolved the cages 
and exposed  their  inner  con- 
tent of  assembly polypeptides. 
Counts of the number of brick- 
like masses in clusters  such as 
these  yielded  values  in  the 
range of 15-30 (n  =  18). In 
this field, the upper cluster ap- 
pears  to  contain  19  and  the 
lower cluster 29 such "bricks:' 
Bar,  100 nm. 
might reside more peripherally, because they either appeared 
as eccentric "nuggets" (9, 33) or they appeared to thicken the 
struts and vertices of  the cages generally, thus partially filling 
in their polygonal openings  (22).  Clearly,  these earlier  in- 
terpretations  do  not  fit  with  more  recent  deep-etched  or 
frozen-hydrated images, both of which indicate that APs are 
located deep inside the cage, apparently in contact with the 
shell  of terminal  domains. 
It thus became of interest to see if we could demonstrate 
direct interactions of AP-2 with clathrin terminal domains. 
We  first  attempted  to  do  this  by  searching  for  residual 
clathrin-AP-2 contacts around the edges of "melting" cages, 
but such contacts were found very infrequently. A few exam- 
ples of APs contacting clathrin terminal domains are shown 
in Figs. 4  and 5  (arrows), but due to the close positioning 
of molecules,  such  images could not be considered  defini- 
Figure 5. Stereo view of clath- 
rin-AP cages dissociating  on 
polylysine-pretreated  mica in 
which a few examples of resid- 
ual triskelion-AP interactions 
remain visible  (arrows). Also 
visible more centrally is a rel- 
atively  complete halo of APs 
that may represent  a remnant 
of an inner shell of such com- 
ponents (cf. references 9, 30). 
Bar,  100 nm. 
Heuser and Keen Deep-Etching of Clathrin Assembly Proteins  881 Figure 6.  Elastase-treated  clathrin-AP  cages  adsorbed  to poly- 
lysine-treated  mica.  This  has  released  brick-like  molecules  that 
lack any small appendages (two shown at the arrows). These look 
like the elastase-treated  AP-2 molecules  shown in Fig.  3.  Thus, 
elastase clips APs in cages as well as in solution (30). Since the ap- 
pendages may be clathrin binding sites (see below), we might have 
expected elastase treatment to release APs from these cages. The 
fact that  it didn't may indicate that  APs  form higher  order self- 
assemblies within the cages. Two such assemblies are circled. Bar, 
100 nm. 
tive.  In an effort to stabilize such interactions  we prefixed 
clathrin-AP-2 cages with glutaraldehyde, but the cages then 
simply failed to melt on polylysine mica (not shown).  We 
also  attempted to  find  such  interactions  among the  back- 
ground of leftover molecules in reassembly experiments, but 
we again observed nothing definitive. We were only able to 
directly  visualize  clathrin-AP  interactions  when  prepara- 
tions of HA-II (described above), which elute from hydrox- 
ylapatite  in  relatively  high  concentrations  of  phosphate 
buffer (0.3  M),  were mixed with  soluble  clathrin.  Under 
these conditions, phosphate obviously inhibits the aggrega- 
tion of AP-2 but apparently permits clathrin-AP interactions 
to develop without further cage assembly. Adsorbed to the 
mica under these conditions are many free triskelions and 
many free  AP-2  bricks,  but  also  many clathrin-AP  com- 
plexes (Figs. 7 and 8). In most cases, these complexes appear 
to  involve binding  of APs to  the  terminal  domains of tri- 
skelia. This is reminescent of the occasional observation in 
melting cages (above) of a single AP molecule appearing to 
cross-link two adjacent triskelia via their terminal domains 
(Fig.  5,  arrows).  Often,  a  small  gap between  the  central 
"brick" of the  AP-2  moMcule and the  terminal  domain of 
clathrin suggests that binding may be via one of the APs pe- 
ripheral appendages (circled in Fig. 8). Only rarely have we 
observed possible contacts of AP-2s with the proximal parts 
of triskelia or with their hubs.  In control experiments, we 
have been unable to detect any binding  of elastase-treated 
APs  to  intact  clathrin  nor  any  binding  of intact  APs  to 
"clipped" clathrin lacking terminal domains. 
Visualization of  Putative APs on Enzymatically Stripped 
Brain Coated Vesicles 
Finding that APs form readily visible brick-like molecules 
with characteristic bilateral appendages raised the question 
of whether similar entities could be found on brain coated 
vesicles enzymatically stripped of clathrin with the 70-kD 
uncoating ATPase.  This enzyme is reported to remove the 
clathrin coat without removing APs to any great extent (25). 
Accordingly, we obtained the 70-kD uncoating ATPase as a 
Figure 7. Stereo view of a mix- 
ture  of clathrin  triskelia  and 
AP-2 molecules  kept  in  sus- 
pension  and  prevented  from 
polymerizing by the inclusion 
of  0.3  M  phosphate  buffer. 
AP-2 molecules have bound to 
the  ends  or  "terminal  do- 
mains" of the two triskelions 
in this field. Also present are 
a number of free AP-2 mole- 
cules  that  became somewhat 
aggregated  in  this  particular 
experiment.  Bar,  100 nm. 
The Journal of Cell Biology, Volume 107, 1988  882 Figure 8.  Gallery of selected  examples  of AP-2s binding to the terminal  domains of clathrin triskelia  selected  from preparations  such as 
those in Fig.  7. In the circled examples,  AP-2 molecules are located  immediately  adjacent  to the terminal  domains of the clathrin legs 
rather than in direct contact, suggesting that they may be bound by one of their  smaller appendages.  Window width and height,  100 nm. 
gift from C.  Steer (National Institutes 9f Health),  who pre- 
pared  and characterized  it according to the protocols used 
earlier (25),  and we mixed it with an equal ratio (wt/wt) of 
bovine brain coated vesicles (100 Ixg of each) in the presence 
of 1 mM  ATP.  After  15  min of incubation  at  37°C,  mica 
flakes were added to the reaction mixture,  mixed for 30 s, 
and then washed free of excess protein and vesicles with our 
usual  "intracellular"  buffer  (70  mM  KCI,  30  mM  Hepes 
buffer, pH 7.2,  5  mM MgC12,  3 mM EGTA).  Freeze-etch- 
ing these  flakes  revealed  numerous  examples  of ,',,45-nm- 
diam membrane vesicles that were not seen in the starting 
material, thus were most likely to be clathrin-stripped coated 
vesicles.  A  few  of these  displayed  an  occasional  clathrin 
triskelion clinging to them (not shown) but most instead dis- 
played 3-8 brick-like molecules in their immediate vicinity, 
often clearly attached by narrow stalks to the vesicle proper 
(Fig. 9). Often, these brick-like satellites display one or two 
small appendages or "ears" like those found on isolated AP-2 
dimers (Fig. 9, circled). We imagine that these molecules as- 
sume their "satellite" distribution during adsorption to mica, 
by  sliding  around  the  vesicle  surface  until  they  strike  the 
mica and adhere.  Occasionally, similar molecules are found 
Figure 9.  Gallery of brain coated vesicles  enzymatically stripped  of clathrin before adsorption to mica, illustrating  that several AP-sized 
molecules remain attached  to them. Such attachments  generally assume a "satellite" distribution  during adsorption to mica, though a few 
remain on top of  the vesicles (arrows). Some of  the satellites display additional small appendages  like those seen on purified AP-2s (circled). 
Printed at the same magnification  as Fig. 2 to facilitate  comparison. Window width and height,  125 nm. 
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hard to discern in this location because the vesicles become 
slightly  wrinkled  during  freeze-drying.  In  this  position, 
stalks are of course not visible; but this raises the question 
of whether a stalk is a natural part of the AP molecule (or 
of the  membrane molecule to which  the  AP attaches) or 
whether something gets stretched as the APs slide around the 
vesicle and adhere to mica. Counting the molecules on top 
of the vesicles as well as the satellite ones, we obtain a mean 
of 5  +  2 (SD; n  =  38) putative AP-2 dimers per stripped 
vesicle. Further work needs to be done to determine whether 
this reflects the coated vesicle's original complement of as- 
sembly polypeptides, or is a reduced amount due to loss dur- 
ing uncoating. 
Discussion 
AP-2 Structure 
The tripartite structures we find scattered around clathrin 
plus AP-2 cages melted on mica and brain coated vesicles 
stripped with uncoating ATPase are identical in morphology 
to the major species present in  our affinity-purified AP-2 
preparations and our HA-II preparations. In all cases they 
display large central masses measuring  12  x  10 nm after 
replication with platinum, and possess two 4-6-nm append- 
ages that lie in variable positions but are usually mirror- 
symmetric relative to the central mass (Fig. 2). These images 
differ in one basic respect from earlier images of negatively 
stained and rotary-shadowed AP preparations  (31),  in that 
only one appendage per molecule has formerly been seen. 
We believe this discrepancy is due simply to differences in 
technique. Negative staining may not provide sufficient con- 
trast to resolve very small appendages unless two happen to 
contact each other, as they do in the right column of Fig. 2. 
Furthermore, we may have observed additional appendages 
because molecules may spread out more during adsorption 
to mica in a natural ionic environment, as was done here, 
compared to  adsorption  in  concentrated glycerol, as  was 
done in earlier electron microscopic studies (31). 
Earlier cross-linking studies on purified AP preparations 
indicated that the molecule is likely to be dimeric (22). This 
has been supported by recent measurements of polypeptide 
stoichiometry and of molecular mass by low angle laser light 
scattering (10), both of which further suggest that the mole- 
cule contains two polypeptides each of 105, 50, and 16 kD, 
for a total molecular molecular mass of "~ 340 kD. This in- 
terpretation is consistent with the morphological observa- 
tions presented in this study. This point is best made by the 
visual comparison presented in Fig.  3, showing the similar 
dimensions of several different platinum-replicated, freeze- 
dried molecules in the same range of molecular masses. Ear- 
lier work with the mica technique indicated that platinum adds 
2-3 nm to globular proteins of this size (7), so the actual 
dimensions of the central brick in the AP-2 complex should 
be closer to 9  ×  7  ×  7 nm. This would be a molecular vol- 
ume of between 270 nm  3 (for a sphere of 8 nm diam) and 
440 nm  3 (for a  sharply squared off brick).  Given that the 
density of proteins is '~1.37 mg/ml, we can calculate that the 
central brick of AP-2 should thus weigh between 220 and 
360 kD. 
In attempting to determine the polypeptide composition of 
this part of the molecule, we were greatly aided by the obser- 
vation that elastase quantitatively clips off the appendages of 
native  molecules  and  leaves  only their  central  brick-like 
masses. Elastase is known to clip the •105-kD  components 
of AP-2 into ~70-kD polypeptides while releasing into solu- 
tion the fragment(s) that comprised the remaining ,'~35-kD 
(34). Thus the appendages must be composed of the ,,~35-kD 
portions of the ~105-kD polypeptide. The smaller polypep- 
tides in the complex (50 and 16 kD) are unaffected by elas- 
tase and remain associated with ,,~70-kD cleavage products. 
Therefore, the central mass must be composed of, at a mini- 
mum, one 16-kD polypeptide, one 50-kD polypeptide, and 
one ~70-kD fragment of the '~105-kD polypeptide (for a to- 
tal of 130-140 kD). Since its actual size suggests a molecular 
mass closer to twice that, and since the whole molecule nor- 
mally displays two appendages, the logical conclusion is that 
AP-2 is dimeric. However, since this molecule is prone to 
concentration-dependent aggregation (2), it is worth noting 
that the morphological observations reported here and the 
light  scattering  molecular  mass  measurements  (10)  were 
made on samples prepared identically and at similar protein 
concentrations. 
The  image  of a  central  brick-like  structure  with  two 
projecting globular appendages presented here can be cor- 
related with the available physico-chemical data on the AP-2. 
From the Stokes radius (6.6 nm; references 10, 13), molecu- 
lar mass (342 kD; reference 10), and partial molar volume 
obtained from the amino acid composition (0.74 cc/g; refer- 
ence 31 and Keen, J., unpublished observations), a frictional 
ratio (f/fo) of ~1.4 can be calculated (26). The asymmetry 
component of this ratio (assuming a prolate ellipsoidal shape 
and hydration of 0.2 g water/g protein) reflects a moderately 
asymmetric shape with an axial ratio of 5-6. These calcula- 
tions suggest that in  solution the AP-2 molecule adopts a 
relatively extended configuration in which the appendages 
reach out from the central brick-like structure, more like the 
molecules in the left column of Fig. 2. This can also explain 
the earlier observation that elastase-clipped AP-2 continues 
to cosediment with native AP-2 on rate zonal ultracentrifuga- 
tion despite the loss of 20% of its mass (33). Removal of the 
appendages apparently generates a more symmetrical "core" 
molecule whose changes in mass and shape are compensa- 
tory and result in an unchanged sedimentation rate. We note 
that the reported (31) value for the sedimentation constant of 
the AP-2 (8.6 S), in combination with Stokes radius and 
(partial specific volume), predict a protein with smaller mo- 
lecular  mass  (252  kD).  However,  a  molecule  with  this 
smaller mass would have to be considerably more asymmet- 
ric with a frictional ratio (f/fo) ~1.6 and axial ratio of 8-9. 
These  values  are  difficult  to  reconcile  with  the  images 
presented here.  While  this  inconsistency cannot  be  fully 
resolved at present,  one explanation may be that the ob- 
served sedimentation constant measured in sucrose gradients 
is artifactually small, perhaps due to preferential hydration 
(26) or to a larger value for V than that calculated only from 
the amino acid composition. 
The model presented in Fig.  10 portrays the AP-2 mole- 
cule as being composed of three discrete globular domains 
connected by thinner protease-sensitive strands. This model 
is similar to that for fibrinogen (6,  17, 32), although the rel- 
ative sizes of  the three globular domains are clearly different. 
The AP-2 is also considerably less asymmetric than fibrino- 
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the structural  observations  in this report  and from previous bio- 
chemical analyses (10, 33). The molecule is depicted as dimeric and 
bilaterally symmetrical. The ,~105-kD polypeptides are depicted as 
being  divided  between  the  main  part  of the  molecule  and  the 
two elastase-sensitive appendages that are involved in clathrin as- 
sembly. Placement of the 50- and  16-kD polypeptides  is entirely 
speculative; no information is currently available on their location 
beyond the present demonstration that they are not removed when 
the appendages are proteolytically clipped off and they are bound 
only to the ,~105-kD polypeptides, but not to each other, on treat- 
ment with a cross-linking  agent (33). 
gen (f/fo  ~1.4 vs. 2.3),  which  would be due to the rela- 
tively small size of its two flanking appendages. 
AP-2 Organization within the Clathrin Cage 
It has been known for some time that when clathrin is poly- 
merized in the presence of assembly polypeptides, the latter 
become incorporated into the newly formed cages (22, 33); 
however, the location of APs in these cages has been vari- 
ously described. Knowing now that AP-2 is a relatively large 
brick-like complex (Figs.  1-3), we can state with certainty 
that these structures are not present on the outsides of such 
cages (cf. reference 9), nor do they lie along the struts form- 
ing the external polygons of such cages, as was proposed ear- 
lier (22).  Instead,  deep etching agrees with a  more recent 
electron microscopic study of frozen hydrated clathrin-AP 
cages (30),  which indicated that APs form a discrete shell 
of density within that of the clathrin terminal domains. 
Elsewhere,  one of us has proposed that AP-2s promote 
coat assembly by bridging the terminal domains of clathrin 
triskelia so that they come to occupy adjacent positions in the 
assembling coat structure (10).  The vertex-to-vertex separa- 
tion in a normal clathrin lattice is  15-16 nm (9),  while the 
widest dimension of the AP-2 dimer we find to be between 
13 and 20 nm (depending on the separation of its ears; cf. 
Fig. 2). Thus, the AP-2 molecule is big enough to bridge two 
terminal domains,  particularly since the inwardly directed 
distal arms of clathrin triskelia are oriented radially, bringing 
neighboring  terminal  domains  closer  together  within  the 
coat structure than are the vertices on the surface of the coat 
(29). However, we have rarely visualized such cross-linking 
to date (see only Fig.  5, arrows). 
There is good reason to believe that clathrin assembly in- 
volves the appendages on the AP-2 molecule. Elastase treat- 
ment of AP-2  removes these  structures  and  quantitatively 
abolishes its ability to promote clathrin assembly (34). There 
are also indications that not all of the brick-like head may 
be  necessary,  since  active  '~105-kD  species  without  any 
50- and 16-kD polypeptides have also been found to be capa- 
ble of promoting clathrin assembly (12,  23).  However, it is 
not clear if these particular '~105-kD polypeptides are actu- 
ally components of the AP-2 and HA-II complexes visualized 
here, or are components of other sorts of AP complexes that 
also exist (1, 23). 
AP Binding to Coated Vesicle Membranes 
Assuming  that  clathrin  terminal  domains  point  inward  in 
bona fide coated vesicles and APs also interact with them in 
that situation, then APs would certainly be large enough to 
span the gap between the coat and the enclosed vesicle (21) 
and would be in a proper position to interact with the vesicle 
as well as the coat (27).  It was thus of interest to observe 
"halos" of several brick-like molecules around the vesicles 
that emerge upon enzymatic removal of clathrin from brain 
coated vesicles (18, 25). Smaller numbers of brick-like mole- 
cules are also seen on coated vesicles stripped with 10 mM 
Tris, pH 8, rather than with the uncoating ATPase (Heuser, 
J. E., and D.  Branton, unpublished observations), but such 
chemical stripping leaves behind fewer APs (21, 23, 27, 33). 
Although we cannot be sure of the extent of loss of AP from 
the stripped vesicles, our images would suggest that brain 
coated vesicles typically possess at least 10 or so molecules 
large enough to be AP-2 dimers.  This is a low number in 
comparison to their original content of clathrin triskelions 
(,~60;  cf.  references  5,  9,  21)  and  is  very different from 
the  situation in reconstituted clathrin-AP cages where the 
proportions  are  2:1  (reference  10  and  the  data  presented 
here). Our data thus raise the possibility that the AP-clathrin 
ratio seen in whole coated vesicle preparations from brain 
(21,  33) may be unduly  influenced by the large number of 
"empty cages" that abound in such preparations and that the 
AP-clathrin ratio in normal coats and vesicles in situ may be 
considerably lower. If this were so, it might indicate that the 
AP functions by nucleating cage assembly (as originally pro- 
posed in reference 27), rather than being uniformly incorpo- 
rated in the organization of the coat.  Further work will be 
necessary to resolve this issue. 
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